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1292Objective:Optimal surgical treatment of patients with transposition of the great arteries (TGA), ventricular sep-
tal defect (VSD), and pulmonary stenosis (PS) remains a matter of debate. This study evaluated the clinical out-
come and right ventricle outflow tract performance in the long-term follow-up of patients subjected to
pulmonary root translocation (PRT) as part of their surgical repair.
Methods: FromApril 1994 to December 2010, we operated on 44 consecutive patients (median age, 11months).
All hadmalposition of the great arteries as follows: TGAwith VSD and PS (n¼ 33); double-outlet right ventricle
with subpulmonary VSD (n ¼ 7); double-outlet right ventricle with atrioventricular septal defect (n ¼ 1); and
congenitally corrected TGAwith VSD and PS (n ¼ 3). The surgical technique consisted of PRT from the left
ventricle to the right ventricle after construction of an intraventricular tunnel that diverted blood flow from
the left ventricle to the aorta.
Results: The mean follow-up time was 72  52.1 months. There were 3 (6.8%) early deaths and 1 (2.3%) late
death. Kaplan-Meier survival was 92.8% and reintervention-free survival was 82.9% at 12 years. Repeat echo-
cardiographic data showed nonlinear growth of the pulmonary root and good performance of the valve at 10
years. Only 4 patients required reinterventions owing to right ventricular outflow tract problems.
Conclusions: PRT is a good surgical alternative for treatment of patients with TGA complexes, VSD, and PS,
with acceptable operative risk, high long-term survivals, and few reinterventions. Most patients had adequate
pulmonary root growth and performance. (J Thorac Cardiovasc Surg 2012;143:1292-8)Transposition of the great arteries (TGA) with ventricular
septal defect (VSD) and left ventricular outflow tract
(LVOT) obstruction has a prevalence of 20% in the sub-
group of neonates with TGA and associated VSD.1 Al-
though this heart malformation is relatively rare, there is
much debate regarding the best procedure for its treatment.
Since 1969, several surgical techniques have been devel-
oped and used for anatomic repair of this defect: the Rastelli
operation, published in 19692; the REV (reparation a l’etage
ventriculaire) or Lecompte procedure (1981)3; aortic trans-
location, first used by Nikaidoh4 (1984), who revived an
idea proposed by Bex, Lecompte, and Baillot5 (1980) for
TGAwith intact ventricular septum; and the Metras proce-
dure6 (1997), which is a modification of the Lecompte op-
eration. All of these techniques have some limitations,e Cardiovascular Surgery Division,a Beneficencia Portuguesa Hospital, S~ao
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The Journal of Thoracic and Cardiovascular Surmainly related to patch augmentation or conduit insertion
in the right ventricular outflow tract (RVOT).
With the aim of overcoming these limitations and assur-
ing pulmonary valve competency, since April 1994 we have
used pulmonary root translocation (PRT) as an alternative
surgical approach for TGAwith VSD and pulmonary steno-
sis (PS) and for selected cases of double-outlet right ventri-
cle with subpulmonary VSD.7 More recently, we extended
its use as part of the double switch procedure in patients
with congenitally corrected TGA, PS, and VSD.8
The objective of this study was to evaluate the clinical
outcome and the RVOT performance in the long-term fol-
low-up of patients after PRT.PATIENTS AND METHODS
Patients
We reviewed the prospectively collected clinical and echocardiographic
data of 44 consecutive pediatric patients who underwent PRT as part of
a procedure to repair their complex congenital heart disease from April
1994 to December 2010. The included patients had malposition of the great
arteries as follows: TGA with VSD and PS (n ¼ 33); double-outlet right
ventricle with subpulmonary VSD (n ¼ 7); double-outlet right ventricle
with atrioventricular septal defect (n ¼ 1); and congenitally corrected
TGAwith VSD and PS (n¼ 3). The mean patient age was 24 36 months,
with a median age of 11 months (range, 1 month to 11 years). Twenty-eight
patients were male and 16 were female. Ten (13.6%) patients had previous
surgical procedures: systemic–pulmonary shunt had been performed ingery c June 2012
Abbreviations and Acronyms
LVOT ¼ left ventricular outflow tract
PRT ¼ pulmonary root translocation
PS ¼ pulmonary stenosis
REV ¼ reparation a l’etage ventriculaire
RVOT ¼ right ventricular outflow tract
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D6 patients and pulmonary banding in 4 patients. This studywas approved by
the Ethics Committee at the Hospital Beneficencia Portuguesa de S~ao
Paulo (CAE-0023.0.360.000-07), and informed consent was obtained
from the patients’ parents.
Surgical Technique
We8 previously reported the surgical details of PRT for different ana-
tomic variations of TGA. Figure 1 depicts the main steps for repairing
TGA, VSD, and PS. The intact pulmonary root with valve was translocated
to the left side of the aorta for connection to the right ventriclewithout a Le-
compte maneuver. The VSD was routinely enlarged by resection of the
conal septum except in 6 patients with a large VSD extending to the conal
septum. Commissurotomy and probe dilation of the pulmonary valve was
used in borderline-sized pulmonary valves that we judged not to require
patch enlargement. At least 40% of the pulmonary root circumference
was sutured directly to the right ventricular wall. In 3 patients with a diag-
nosis of congenitally corrected TGAwith VSD and PS, the Senning proce-
dure, atrial switch repair, was added on.
Regarding the enlargement of the pulmonary root, we adopted a strategy
that was similar to that described for the repair of tetralogy of Fallot.9 We
enlarged the pulmonary annulus when the pulmonary annulus Z-score was
less than3, performing the intraoperative measurement with a Hegar di-
lator, or, when the postrepair systolic gradient exceeded 35 mm Hg, using
catheter measurements after cardiopulmonary bypass. In the latter situa-
tion, we put the patient back on the pump, removed 1 or 2 interrupted su-
tures, opened the pulmonary root at the commissural site, and performed
a small enlargement with a bovine pericardial valved patch.
Echocardiographic Studies
Each patient was subjected to an echocardiographic study protocol con-
sisting of a preoperative study, an early postoperative study, and follow-up
studies scheduled either annually or according to the patient’s needs. The
diameters of the aortic, pulmonary, tricuspid, and mitral annuli were mea-
sured, as was the peak velocity of the right and left ventricular outlets. The
degree of pulmonary insufficiency and right ventricular function were de-
termined qualitatively by the pediatric echocardiographer. The diameter
measurements were expressed in millimeters. The left ventricular function
was evaluated using ejection fraction calculated by the Teicholz method.
Insufficiency of the pulmonary and aortic valves was scored as absent,
mild, moderate, or severe. The RVOTand LVOTwere evaluated bymeasur-
ing the peak pressure gradients across the pulmonary and aortic valves.
Clinical Follow-up
The patients were followed up after the operation, and the patient’s local
physician was contacted in case of death. A final follow-up of all patients
was conducted from January to March 2011 by telephone or by outpatient
evaluation. The functional status according to the New York Heart Associ-
ation class and the use of medicines to treat heart failure and/or arrhythmias
were recorded.The Journal of Thoracic and CarData Analysis
Descriptive data for continuous variables are presented as mean stan-
dard deviation or as median with range; categorical variables are presented
as relative frequencies. The outcome variables were defined as time from
the PRT procedure to events (death, reoperation for RVOT obstruction,
LVOT obstruction, residual VSD, or pulmonary balloon dilatation
procedure) and recent clinical status. The probability of survival and
event-free survival was estimated according to the Kaplan-Meier method
and included hospital mortality. Pulmonary valve diameter and gradient
changes over time were analyzed using longitudinal data analysis. The ex-
act time of the assessment and all available data were used in these analy-
ses. The c2 method was applied to compare categorical variables. Analyses
were performed using SPSS software version 17.0 (SPSS, Inc, Chicago, Ill)RESULTS
There were 3 (6.8%) hospital deaths. The first patient
was an 8-year-old boy with a long history of cyanosis
who died of heart failure, and the second patient was
a 6-month-old boy who had a good hemodynamic result af-
ter the operation but died of gram-negative sepsis. The third
patient was a 36-day-old baby who underwent surgery 1 day
after being intubated and transfused owing to severe hypox-
emia. He could not be weaned from cardiopulmonary by-
pass and died of multiple organ failure despite the use of
cardiopulmonary support with extracorporeal membrane
oxygenation for 3 days. All 3 deaths occurred in patients
with TGA, VSD, and PS who were operated on between
1994 and 2005. There were no hospital deaths or late deaths
in the 26 subsequent patients.
The mean aortic crossclamp time was 140  34 minutes,
and the mean cardiopulmonary bypass time was 195  42
minutes. The median stay in the intensive care unit was
13 days (range, 2-61 days), and the median hospital stay
was 24 days (range, 12-115 days). Atrioventricular block
occurred in 2 patients, necessitating permanent pacing.Longitudinal Clinical Outcome
Long-term follow-up information was obtained for all
patients. The mean follow-up time was 72  52.1 months.
The survival and reintervention-free survival curves, which
include the hospital deaths, showed a 92.8%  3.8% sur-
vival at 1, 5, 10, and 12 years of follow-up, an 88% 
4.9% reintervention-free survival at 1 year, and an 82.9%
 5.9% survival at 2, 5, 10, and 12 years of follow-up
(Figure 2). One patient who had progressive postoperative
RVOT obstruction died suddenly 72 days after the opera-
tion. The follow-up showed that 7 patients needed a total
of 8 reinterventions after the PRT. These reinterventions
were required owing to residual VSD in 2 patients, LVOT
obstruction (left ventricular–aortic tunnel stenosis) in 1 pa-
tient, RVOTaneurysm in 2 patients (1 owing to endocarditis
and 1 owing to in situ pericardial flap dilation), and RVOT
obstruction (pulmonary stenosis) in 2 patients. The reoper-
ations for residual VSD closure and resection of muscular
obstruction in the LVOT occurred in the initial 6 monthsdiovascular Surgery c Volume 143, Number 6 1293
FIGURE 1. A, The pulmonary root is dissected out and its origin is closed using a glutaraldehyde-treated autologous pericardial patch. B, After partial
resection of the conal septum, a Dacron patch is used to create a tunnel from the left ventricle to the aorta. C, The pulmonary root is sutured to the right
ventriculotomy with a running 6-0 polydioxanone suture, and the right ventricular outflow tract is completed using an in situ pericardial patch combined
with a glutaraldehyde-treated autologous pericardial patch. D, The final appearance after the procedure.
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months after the initial operation. The 2 patients with
RVOT obstruction were treated with percutaneous balloon
dilation of the pulmonary valve, 1 of them 2 years after
PRT, with reduction of the transpulmonary gradient from
55 to 30 mm Hg and an excellent outcome thereafter. The
second patient underwent this procedure 13 years after
PRT, reducing the right ventricular–pulmonary arterial gra-
dient from 95 to 70 mm Hg. A surgical approach was rec-
ommended, but the patient and her family declined
surgery because she was asymptomatic. The patient who
had endocarditis underwent homograft replacement of the
pulmonary valve and, 5 years later, implantation of a peri-
cardial valve prosthesis. All 40 survivors are currently
asymptomatic with good biventricular function.
Longitudinal Assessment of Pulmonary Valve
Growth and the Ventricular–Pulmonary Arterial
Peak Pressure Gradient
The pulmonary valve diameter data and the ventricular–
pulmonary arterial pressure gradient data, obtained from 11294 The Journal of Thoracic and Cardiovascular Surpreoperative and multiple postoperative echocardiograms
in 38 patients with more than 1 year of follow-up, are shown
in Figure 3, A and B, respectively. There was a median of 5
(range, 2-7) measurements per patient. The data collected
subsequent to reinterventions were not included for the 3
patients who underwent pulmonary valve balloon dilation
(n ¼ 2) or replacement (n ¼ 1).
Nonlinear growth of the pulmonary valve diameter oc-
curred over time, as shown in Figure 3. Concerning the
RVOT pressure gradient variations, therewas an overall ten-
dency of progressive decrease, and at the end of the curve,
most patients had gradients less than 25 mm Hg.
Pulmonary annulus enlargement, which was performed
in 15 of the 44 patients, changed the pulmonary root growth
pattern and affected pressure gradient variation (Figure 4)
compared with the group of patients who did not have pul-
monary root enlargement (Figure 3). The nonenlarged
group had a more favorable growth pattern as reflected by
a continuous increase in pulmonary root growth. The post-
operative pressure gradient across the pulmonary valve was
lower in the root enlargement group in the immediategery c June 2012
FIGURE 2. Kaplan-Meier estimates of survival (circles) and
reintervention-free survival (squares) for 44 patients after pulmonary
root translocation as part of repair of transposition of the great arteries.
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was consistent with the lower rate of pulmonary annulus
growth in the echocardiographic follow-up period.
Figure 5 shows RVOT images from serial echocardiograms
of a 5-year-old girl subjected to PRTwho had excellent an-
atomic and functional results.
A cross-sectional analysis of the most recent echocardio-
graphic data of 38 survivors with more than 1 year of
follow-up showed that all had normal left ventricular ejec-
tion fraction values. Moderate or severe pulmonary valve
insufficiency was observed in 4 patients, 1 (4.16%) in the
nonenlarged group and 3 (21.45%) in the enlarged group;
the difference was not statistically significant (P ¼ .09).DISCUSSION
In this study, PRT was used for the anatomic repair of
TGA with VSD and PS and other selected types of malpo-
sition of the great arteries. This technique was used with
the intention of maintaining pulmonary valve function,
including the capacity for growth, while avoiding the
problems that are usually inherent in a right ventricular–FIGURE 3. Data from repeated postoperative echocardiograms performed in
location without patch enlargement. The data show changes over time in pulmo
valve (B). Each line represents data from individual patients, and the bold line
The Journal of Thoracic and Carpulmonary arterial conduit. Furthermore, by avoiding incis-
ing or mobilizing the aorta, we preserved aortic valve anat-
omy and function.
The Lecompte maneuver is not useful in this operation,
which leaves the aorta in its native position, because the
aorta is already in a very anterior position in patients with
TGA. After the Lecompte maneuver, the translocated pul-
monary trunk would be very close to the sternum, increas-
ing the risk of bleeding during a reintervention.
Conversely, the elongation of the pulmonary artery owing
to retention of its root allows anastomosis of the pulmonary
artery to the right ventricle to be performed without tension.
An autologous pericardial flap was used to complete the
RVOT reconstruction, optimizing its potential for growth.
This pericardial flap was limited to the anterior aspect of
the pulmonary root, and a piece of glutaraldehyde-treated
autologous pericardium was added to complete the RVOT
reconstruction. We used this composite patch technique
rather than using a single flap of in situ pericardium in an
effort to prevent aneurysmal dilation of the pericardial
hood, which occurred in 1 case in this series.
When enlargement of the pulmonary root circumference
was needed, we augmented it with a small monocusp bovine
pericardial patch,8 the size of which was just sufficient for
preventing an elevated right ventricular–pulmonary root
pressure gradient. We hope that as the patient’s own valve
grows, using the smallest possible artificial patch will result
in less pulmonary valve regurgitation. We found that pul-
monary valve growth was less adequate in patients who un-
derwent patch enlargement of the pulmonary root than in
patients without enlargement. This was associated with
a greater incidence (statistical tendency) of pulmonary re-
gurgitation in those patients, indicating that it is important
to preserve the pulmonary valve without enlargement.
One possible explanation for the observed decrease in pul-
monary growth in patients undergoing patch enlargement is
that there could have been a reaction to the implanted xeno-
graft material. The bovine pericardial patch may cause in-
flammation and fibrosis in the native valve, impeding its
growth. Valve patches made of a different material, such20 patients with more than 1 year of follow-up after pulmonary root trans-
nary valve diameter (A) and in the pressure gradient across the pulmonary
represents the average time trend for the longitudinal data model.
diovascular Surgery c Volume 143, Number 6 1295
FIGURE 4. Data from preoperative and repeated postoperative echocardiograms performed in 10 patients with more than 1 year of follow-up after pulmo-
nary root translocation with patch enlargement. The data show changes over time in pulmonary valve diameter (A) and pressure gradients across the pul-
monary valve (B). Each curve represents data from individual patients, and the bold curve represents the average time trend for the longitudinal data model.
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decellularized pulmonary valve cusp13 may further improve
long-term valve performance.
The observed hospital mortality, 6.8%, is acceptable.
Notably, there were 3 hospital deaths in the initial group
of 18 patients of this series, but no deaths in the 26 subse-
quent patients. Thus, the PRT procedure can probably be
performed with a lower mortality rate inasmuch as the
higher initial mortality rate was most likely related to the
learning curve for the procedure.
The actuarial survival curve after PRT shows 92.8% sur-
vival at 10 years, which is quite good compared with the
outcomes of large series of patients who underwent the Ras-
telli and REV operations.14-16 The 82.9% reintervention-
free survival in our series at a mean follow-up of 10 years
is also encouraging. In fact, only 4 patients (10% of the
40 survivors) underwent RVOT reinterventions.
Obstruction of the LVOT, which can be a complication
after left ventricular–aortic tunnel construction, occurred
in a small number of patients in our series. However, it is
too early to predict its real incidence, because it may be re-
lated to patient growth, which is still ongoing in this series
of pediatric patients.
Left ventricular function of all patients was good accord-
ing to the data analysis of most recent echocardiographicFIGURE 5. Echocardiographic images from a girl who underwent pulmonary ro
of the aortic and pulmonary valves on the day of the surgery (A), and postoperati
(C) of follow-up. AVD, Aortic valve diameter; PVD, pulmonary valve diameter
1296 The Journal of Thoracic and Cardiovascular Surstudies. Although good left ventricular function is ex-
pected after any procedure that results in anatomic repair
of TGA (ie, the left ventricle as the systemic ventricle),
this has not always been the case in previous studies. Gra-
ham and coworkers17 found dysfunction and residual left
ventricular dilation and wall hypertrophy in 8 of 11 pa-
tients after successful Rastelli operations in patients with
TGA, VSD, and LVOT obstruction. In addition, Kreutzer
and colleagues14 reported that left ventricular dysfunction
and sudden death were important causes of late death in
their series, contributing to unsatisfactory survivals. Ac-
cording to their report, contractile dysfunction was ex-
plained by hypoxia, obstruction, and volume overloading
over a prolonged period. Good long-term left ventricular
function in our series of patients was probably related
not to the operative technique but rather to the relatively
young age of the patients. This is in accordance with the
findings of H€orer and associates,18 who reported that age
greater than 4 years at the time of surgery is an important
factor in the development of postoperative cardiomyopa-
thy. However, their study also showed that all patients un-
der 4 years of age required conduit reintervention after 12
years of follow-up. PRT is advantageous in terms of early
operation to prevent left ventricular dysfunction because it
can be performed on younger patients inasmuch as itot translocation surgery at 5 years of age: preoperative cross-sectional view
ve views of the translocated pulmonary valve after 3 years (B) and 8.5 years
; AO, aorta.
gery c June 2012
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nary root.
The Nikaidoh operation (aortic translocation) has as its
main advantage better alignment of the left ventricle and
the aorta.4 The importance of alignment came to light be-
cause of concerns about LVOTobstruction after the Rastelli
procedure,14,15 prompting surgeons to adopt the Nikaidoh
operation.19,20 However, better alignment is achieved by
surgical handling of the aortic root and the coronary
arteries, which can result in aortic valve insufficiency and
in myocardial ischemia. These concerns, mainly aortic
regurgitation, have already shown up in midterm follow-
up reports of 1 series in which 3 of 11 patients experienced
moderate aortic insufficiency20 and in another series that
found that 8 of 18 survivors experienced mild aortic regur-
gitation.21 Notably, the Nikaidoh operation sacrifices the
pulmonary valve; therefore, single or multiple reoperations
are expected to be required using the currently available
pulmonary prostheses.
Lecompte and colleagues3 addressed problems of LVOT
obstruction related to the classic Rastelli operation by rad-
ical conal septum resection, resulting in a wider left ventric-
ular–aortic tunnel and decreasing the risk of subaortic
stenosis. That group also introduced the Lecompte maneu-
ver, which involves the anterior mobilization of the pulmo-
nary trunk to permit direct connection between the
pulmonary artery and the right ventricle. This maneuver is
accomplished by transection of the ascending aorta, and
a monocusp valve is placed to complete the RVOT. This im-
portant contribution, also named the REV procedure, im-
proved the concepts of left ventricular–aortic tunnel
construction and eliminated the need for a right ventricu-
lar–pulmonary arterial conduit. It could be performed in
younger patients and promised fewer reoperations than
the Rastelli procedure. Di Carlo and coworkers16 recently
published results for the REV procedure in the largest re-
ported series to date. They analyzed 181 (88%) hospital
survivors of 205 patients who were operated on from
1980 to 2003. The rates of overall survival and freedom
from any reoperation at 25 years were 85% and 45%, re-
spectively. The most frequent reason for reoperation was re-
current RVOT obstruction (36 patients) and rarely was
LVOT obstruction (just 3 patients). Although these results
show improvement over those of the Rastelli operation,
the REV procedure is not an optimal solution for RVOT
problems. The main theoretical advantage of PRT over the
REV procedure is that it results in pulmonary valves with
better functional status.
In the Metras operation,6 an aortic autograft cylinder that
is taken from the ascending aorta is used to extend the
length of the pulmonary trunk. This pulmonary artery ex-
tension allows it to be brought to the aorta’s left side for di-
rect right ventricular connection without use of the
Lecompte maneuver. However, the solution for pulmonaryThe Journal of Thoracic and Carvalve insufficiency relies on a monocusp valve insertion,
which we consider less efficient for preserving pulmonary
valve function than the PRT method.
More recently, Hu and coworkers22 reported double root
translocation of the great vessels for TGAwith PS. This pro-
cedure is attractive because it combines the goals of left
ventricular–aortic alignment and pulmonary valve preser-
vation. However, it is more complex than PRT, and the aor-
tic crossclamp time is much longer.23 That procedure also
requires aortic transection and, as in the Nikaidoh opera-
tion, risks the integrity and function of the aortic valve
and coronary arteries. In our opinion, the technique needs
further evaluation but may be advantageous in a subgroup
of patients with the same diagnosis as in our series who
have small or noncommitted VSDs.
A substantial percentage of our patients in the group of
TGA, VSD, and PS, despite having a preoperative left ven-
tricular–pulmonary arterial gradient higher than 70 mmHg,
had a near normal pulmonary valve once explanted and
freed from the subvalvular muscular and fibrous tissues.
This raises the question as to whether subpulmonary conal
resection and an arterial switch operation may have been
a better option for these patients.24 However, the guidelines
for selection of the best anatomic LVOTobstruction type for
this surgical option have not been established. Because of
our good results using PRT in this subgroup of patients,
we prefer to keep the normal aortic valve in the systemic cir-
culation while waiting for consistent data to be published
regarding this interesting option.
PRT is a relatively simple surgical technique that main-
tains the growth potential of the pulmonary root and keeps
the aorta untouched in its original position. It is notable that
most of our older patients (with more than 5 years of follow-
up) had good anatomic and functional RVOT performance
at their most recent echocardiography studies, suggesting
that PRT may offer permanent resolution for these complex
congenital heart defects in a reasonable proportion of
patients.
PRT has technical limitations in a subgroup of patients
with the same diagnosis as in our series who have small
or noncommitted VSDs or small or heavily trabeculated
right ventricles. These conditions present difficulties for
left ventricular–aortic tunnel construction. Pulmonary atre-
sia or very small and dysplastic pulmonary valves are obvi-
ous contraindications for this technique. In the former
situation, the Nikaidoh, the Hu, or single-ventricle physiol-
ogy procedures are the recommended repair options. In the
latter situation, the Rastelli or the Lecompte procedures can
be used.
Study Limitations
This study was limited in that the results could not be
compared with a matched control group. In addition, an ob-
jective results comparison with the related publications wasdiovascular Surgery c Volume 143, Number 6 1297
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characteristics as well as to period differences for the case
series. The literature data were used as a ‘‘control’’ mainly
to discuss the possible clinical implications of differences in
surgical techniques.
CONCLUSIONS
PRT is a good surgical alternative for treatment of pa-
tients with TGA complexes associated with VSD and PS.
The operative risk was acceptable, and the patients had
a high long-term survival. Few reinterventions were needed,
and the great majority of patients had adequate pulmonary
root growth and performance.
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